Recently it has been shown in rat hippocampus that the synapse speci city of Hebbian long-term potentiation breaks down at short distances below 100 m. Using a neural network model we show that this unspeci c component of long term potentiation can be responsible for the robust formation and maintainance of cortical organization during activity driven development. When the model is applied to the formation of orientation and ocular dominance in visual cortex, we nd that the addition of an unspeci c component to standard Hebbian learning -in combination with a tendency of left-eye and right-eye driven synapses to initially group together on the postsynaptic neuron -induces the simultaneous emergence and stabilization of ocular dominance and of segregated, oriented ON-/OFF-sub elds. Since standard Hebbian learning cannot account for the simultaneous stabilization of both structures, unspeci c LTP thus induces a qualitatively new behaviour. Since unspeci c LTP only acts between synapses which are locally clustered in space, our results imply that details of the local grouping of synapses on the dendritic arbors of postsynaptic cells can considerably in uence the formation of the cortical functional organization at the systems level.
Introduction
The visual cortex of many mammals develops patches of cells, which are dominated by the input from either one eye 1, 2] and which selectively respond to bars and gratings of a particular orientation 3, 4, 5, 6] . For ocular dominance (OD) it has been shown that this process requires neural activity 7] . For orientation selectivity it has been demonstrated that altered visual experience 8, 9, 10, 11] (for a review see Movshon and Van Sluyters 12] ) during development as well as the input correlation structure 13] change the orientation selective response properties of cortical neurons (but see Crair et al. (1998) 14] for hints in favour of experience-independent components of functional development). Correlation-based Hebbian learning models for these developmental processes successfully describe the segregation of elongated ON-and OFF-dominated patches within simple cortical receptive elds 15, 16, 17, 18] or the activity-dependent development of ocular dominance patterns 19] (for a review see Swindale 20] ). However, in linear Hebb-trained models OD patterns and ON-OFF-segregated receptive elds cannot be stable at the same time under a single set of modeled visual stimuli, and even in nonlinear networks simultaneous stability is observed only in a comparatively small parameter regime 21] . Recently it has been shown that the synapse speci city of Hebbian long-term potentiation (LTP) breaks down at short distances below 100 m 22] . In this work we test the e ects of this unspeci c component of long term potentiation on the predictions of correlation based learning models. Using a neural network model for correlationbased self-organization in the visual cortex, we nd that the addition of an unspeci c LTP component to standard Hebbian learning induces the simultaneous emergence and stabilization of ocular dominance and of segregated, oriented ON-OFF-sub elds, as soon as left-eye and right-eye driven synapses show a tendency to group together on the postsynaptic neuron before or during the functional self-organization process. In accord with experiments on strabismic cats 23], positive between-eye correlations corresponding to a xating animal weaken but do not destroy the ocular dominance pattern. We conclude that unspeci c LTP induces a qualitatively new behaviour of correlationbased learning mechanisms, showing that details of the underlying learning mechanisms and neuronal geometries at the cellular level can considerably in uence the results of functional cortical self-organization at the systems level.
Materials and Methods
Figure 1a outlines our computational model. The four geniculate layers represent the retinotopically arranged left-eye and right-eye driven LGN cell populations, each population being further subdivided into two subpopulations with spatially opponent ON-and OFF-center receptive elds. The geniculate neurons receive their input from two retinal layers and send retinotopically ordered projections with nite arborization radii to a layer of model cortical neurons which correspond to layer IVC in primary visual cortex. Recurrent intracortical connections between cortical neurons are present and are described by an e ective cortical interaction function. Input patterns across the model's retinae drive the geniculate neurons through their spatially opponent receptive elds. The activities of the geniculate neurons are then transmitted to the cortical layer and initiate an activation pattern, which is then laterally propagated. The resulting output activities are given by the following iterative equation (1) says, that the new activity of a cortical neuron is given as a sigmoid function (the transfer function of that neuron) of the total input it receives from its fellow cortical neurons (the rst term in the brackets) and the input it receives from its a erent geniculate cells (the second term in the brackets). The strengths of the synapses between the geniculate cells and their cortical targets are subject to activity driven changes, but the synaptic learning rule now consists of two parts: A synapse-speci c Hebbian component and an unspeci c component which is the consequence of speci c Hebbian potentiation of the neighboring synapses on the same postsynaptic neuron (Fig. 1b) . We then obtain the following equation governing the growth of the synaptic strengths w M; ;a m : w m = s m v + X ; ( s m v ) ? D m : (2) abbreviates the indices M; ; a and w m is the change in the synaptic strength in a small time-interval. The rst term on the r.h.s. implements standard Hebbian learning. The second term describes the sum over the unspeci c contributions from all neighboring synapses which connect to the considered output neuron and which are proportional, with a factor ; , to the amount of the Hebbian potentiation of these synapses. Since the unspeci c LTP component is thought to be mediated by a di usible factor 22], ; is taken as a function of the distance between two synapses and , ; = (r ? r ), which vanishes for distances above 100 m 22]. The last term in Eq. (2) implements a subtractive decay 16] which prevents the synapses from becoming in nitely strong. Now we assume, that before the onset of the activity-driven self-organization process, synapses that are driven by the same eye form clusters along the postsynaptic neuron such that same-eye synapses are closer to each other than to synapses driven by the opposite eye (Fig. 1c) . Then, unspeci c potentiation occurs between synapses of the same kind only and equation (2) 
Results
We carried out numerical simulations by driving the retinal layer with a series of random activity patterns. For each of these inputs we calculated the activity pattern spreading over the network's cortical layer by iterating Eq. (1) and afterwards modi ed the synapses of the network according to Eq. (3). (3)), elongated ON-and OFF-dominated patches emerge which resemble simple cell cortical receptive eld pro les (Fig. 2a) . However, no strong ocular dominance pattern forms. As soon as unspeci c potentiation is included, however, pronounced ocular dominance stripes emerge without destroying the elongated ON-OFF-patches within the individual a erent connection patterns (Fig. 2b) . Those ocular dominance bands remain stable even for positively correlated activities between both eyes as they would be present if an animal binocularly xates objects after eye-opening (Fig. 2c) . Compared to the case of positive between-eye-correlations the transitions between the ocular dominance patches become smoother and the number of binocular units increases. Additionally, the orientation map becomes smooth and continous across the borders of the ocular dominance stripes. The simulations predict, that during development ON-and OFF-type thalamocortical a erents do not strongly segregate within the cortical tissue. This means, that every cortical neuron and also every small patch of cortical tissue receives roughly the same total synaptic strength from ON-center and OFF-center LGN cells. However, within the receptive eld of each cortical neuron, there exist di erent elongated patches (sub elds) of similar total area, which show ON-and OFF-response respectively to visual stimulation. On the other hand, left-eye and right-eye driven thalamocortical a erents during the development increasingly segregate within the cortical tissue, such that the initially binocular cortical innervation pattern evolves into a set of stripy or patchy monocular innervation patterns (ocular dominance map). The emergence and the stabilization of ocular dominance patterns as a result of the unspeci c Hebbian component can be understood by a mathematical analysis of a simpli ed version of our model. We consider a single cortical neuron with a linear transfer function (F in eq. (1)), and we analyze the change of its synaptic weights at an early stage of development when the synaptic strenghts are still small. Under the reasonable assumption that the time for which a speci c activation pattern persists in the LGN (which may be in the range of a few hundreds of milliseconds) is short compared to the developmental process (which may be in the range of several hours to days) we may consider the change of the synaptic strengths, averaged over many stimulus presentations but averaged over a time interval which is still short compared to the developmental process. The growth of the synaptic strengths then depends only on the second-order correlations between the LGN-cell activities 17, 18] . Insertion of Eq. (1) . The DC eigenmode (5), which describes uniform growth of all synapses, is compensated by the subtractive decay term and is therefore not considered anymore. Similarly, both the OR and the OR-modes describe qualitatively the same patterns, such that it is su cient to consider one of the two modes only. Hence, in terms of the analysis, the two most important eigenmodes are the OR eigenmode Eq. (7), which describes the amount of ON-OFF-segregation and thus the evolution of ON-and OFF-dominated regions within the arborization area, and the ocular dominance OD eigenmode Eq. (8), which describes the di erence between the left-eye and the right-eye synaptic weights and thus the strength of ocular dominance across the receptive eld. In mathematical terms we obtain from Eq. 
eye and the right-eye synaptic weights, but leaves the di erence between the ON and the OFF weights una ected. Figure 3 shows the di erences between the left-eye and right-eye and between the ON and OFF synaptic strengths as well as the transformed correlation functions in Eqs. (9, 10) , as a function of the spatial distance between two LGN neurons. Receptive elds with ON and OFF sub elds, such as the simple cell receptive elds in cat's area 17 24] , exhibit patches where either the ON-or the OFF-type LGN neurons have stronger synaptic weights to the cortical neuron 25, 26] . This implies, that the di erence in the strength of the ON-and the OFF-synapses must spatially oscillate around zero. Hence, this di erence has to change its sign with a period which is comparable to the observed diameter of the sub elds and which is smaller than the arborization diameter of the thalamocortical axons. These changes in sign of the di erence in synaptic weights, however, can only occur if the corresponding Hebbian learning steps change their signs with the same spatial periodicity. Consequently, the transformed second-order correlation function, which determines the learning steps, also has to spatially oscillate around zero with a similar period (see gure 3a, top row) in order to generate ON-OFF-segregated sub elds. In the case of ocular dominance, on the other hand, synapses from one eye must be stronger than the synapses from the other eye across the whole arborization area, because otherwise receptive elds would contain sub elds of di erent eye-dominance. Therefore, the di erence between the left-eye and the right-eye synaptic weights must remain spatially uniform during development, and must not change its sign within the arborization area. In analogy to the situation for ON-OFF di erence weights, such a uniform mode evolves only, if the corresponding second order correlation function does not change its sign within that range ( gure 3b, bottom row). If no speci c circuitry in the LGN is assumed, which would generate particular correlations between the activities of the LGN cells, all LGN correlation functions are generated by common input from retinal photoreceptors and thus from the overlap of neighboring Mexican-hat shaped LGN-receptive elds. These receptive elds oscillate in space, such that the correlation functions obtained from their overlap also show spatial oscillations. As a consequence, the transformed correlation functions driving the ON-OFF-di erence weights and the left-eye right-eye di erence weights, spatially oscillate around zero with the same period, which is determined by the size of the LGN-receptive elds ( gure 3a). Hence, depending on the size of the LGNreceptive elds compared to the size of the geniculocortical arbors, either both or none of the transformed correlation functions change their sign within the arborization diameter. This would prevent either the development of a spatially uniform eye-dominance across the cortical cell's receptive eld (requiring small arbors) or the segregation of the cortical cell's receptive eld into ON and OFF-sub elds (requiring large arbors). For cats, it has been estimated that the correlation functions show approximately one complete oscillation within the arborization diameter 16], such that a self-organization of ON-OFF sub elds seems to be favored by purely Hebbian learning in this species. Consequently, standard Hebbian learning would also wrongly predict purely binocular cells with left-right-segregated receptive elds to emerge. Eq. (10) shows, that when an unspeci c LTP component combined with a functional synaptic grouping is added ( > 0) it selectively elevates the correlation function for the ocular dominance eigenmode ( gure 3b). It thereby removes its changes in sign and leads to the growth of a spatially uniform eye-dominance across the cell's receptive eld without a ecting the formation of ON and OFF subregions ( gure 3b, bottom).
Discussion and Conclusions
In our computational study we have shown that the activity-driven self-organization of orientation and ocular dominance maps is di cult to achieve by standard Hebbian training (see also 21]). However, if in the immature system, i.e. before learning starts, the sites of same-eye driven geniculocortical synapses on a postsynaptic neuron are located closer to each other than to contralateral synapse sites, the immediate consequence is simultaneous stabilization of orientation and ocular dominance due to unspeci c LTP. Conversely, since OD and OR both are observed in real animals, the present work predicts, that same-eye synapses should be found closer to each other than to opposite-eye synapses in immature animals. In contrast, no grouping of ONvs. OFF-synapses should be found in cats and monkeys, since this kind of clustering would generate ON-OFF-bands in the cortex (note however, that ON-OFF-bands have been found in ferrets 27]). So far there is no experimental evidence either in favour or against this kind of synaptic grouping, however our prediction can be tested experimentally by an examination of the synaptic locations in area 17 during the early phase of visual cortical development. Though ocular dominance bands (which by themselves correspond to macroscopically segregated left-and right-eye driven a erents) are compatible with the clustering of same-eye synapses, it is worth mentioning that the proposed mechanism does not need the initial presence of an ocular dominance band-like template, which would implement the required synaptic clustering. Instead, the mechanism predicts the observation of a synaptic grouping at a spatial scale of 50 -100 m, which may otherwise have an arbitrary spatial distribution over a postsynaptic neuron. As a consequence, the proposed self-organization mechanism, based on the microscopic geometical order of synapses, would then evoke the rearrangement of these synapses to yield the macroscopically ordered ocular dominance and orientation maps in the adult stage. Thus, the work shows, that the details of synaptic arrangement and of synaptic plasticity on a cellular level can qualitatively change the predictions of models working at a systems level. It thereby stresses the importance of giving more weight to the details of synaptic plasticity in order to obtain more realistic models for learning, memory, and self-organization. As a second implication, it becomes clear that the presence of an unspeci c Hebbian component gives more weight to the mutual geometric arrangement of individual synapses on the postsynaptic dendrites. From the point of view of signal processing, unspeci c LTP is likely to work well only in combination with a functional grouping of synapses 28]. Without functional grouping, nearby synapses would be trained similarly to each other even when transmitting di erent types of information (such as left-eye, right-eye, ON-or OFF-signals) corresponding to nondi erentiated judgements about di erent information streams. Recently, Mel 29, 30] has suggested a functional role of synaptic grouping from the point of view of synaptic integration in excitable dendritic trees. From a developmental point of view, even local functional grouping of synapses can control the outcome of activity-dependent self-organization of neural systems, as demonstrated in this model study. 13) ), the correlation function is elevated by a constant amount 2 g 0 compared to the standard Hebbian case. As a consequence, its changes in sign are removed and it becomes a purely positive function. Since the strongest fourier component of G OD (uLT P) is now at zero frequency, it leads to the evolution of a spatially non-oscillating OD eigenmode where synapses from a single eye dominate over the contralateral synapses over the whole arborization area corresponding to ocular dominance. Consequently, under the in uence of the unspeci c LTP term, both a spatially oscillating OR-weight distribution (and therefore ON-OFF-segregation) and a spatially uniform OD-weight-distribution (and thus ocular dominance) become stable at the same time.
